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ABSTRACT
In this paper, we examine the exchange of crops and livestock through the application of
strontium (87Sr/86Sr) isotope analysis on cereal grains and faunal tooth enamel from the
regional center of Uppåkra and three nearby settlements in Scania, southern Sweden, dating
to the first millennium AD. Around a third of the fauna have non-local 87Sr/86Sr values,
indicating the import of livestock from several different regions. After cleaning, almost all of
the cereal grains have non-local 87Sr/86Sr values, which is surprising given the nearby
abundance of fertile agricultural soils. We therefore suggest considering non-locally grown
crops to be those whose 87Sr/86Sr values fall outside the normal distribution; if this
approach is used, around 20% of the analyzed crop samples are interpreted as having
grown non-locally. This study demonstrates the potential of combining strontium isotopic
data of archaeobotanical and zooarchaeological material for gaining insights into the
movement of agricultural products in prehistory.
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Several major settlements developed in the Scandina-
vian Iron Age (500 BC–AD 1050), which came to
have central economic, political and religious func-
tions (Hedeager 2002; Jørgensen 2009). The regional
center of Uppåkra, situated in southern Sweden, was
one of these high-status settlements with an occu-
pational history lasting over a millennium (c. 100
BC–AD 1000).
The artifactual record from Uppåkra has revealed a
highly developed artisanship (Lindell 2001; Hårdh
2001). A fairly continuous occurrence of bronze cast-
ing and large amounts of by-products from bone- and
antler-working indicate that production not only
fulfilled the needs of the inhabitants at this regional
center, but was intended to supply an established
network of trade and contacts well outside the settle-
ment (Helgesson 2002). The material culture from
the site, including finds such as Roman denarii, mill-
efiori, fibulae, objects of glass from the European con-
tinent and Arabic silver coins, demonstrates extensive
trade relations that expanded across the continent well
beyond the local region. Acquaintance with other cul-
tures is further reflected in finds of Roman origin, such
as gaming pieces and surgical instruments, that prob-
ably attest to a knowledge of board games and surgical
practices, respectively. The presence of weighing scales
and hack silver further underlines Uppåkra’s role as a
trading center (Hårdh 2002, 2010).
The abundance and quality of its artisanal products
and exotic luxury items, reflecting a concentration of
wealth not found at contemporary settlements in the
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region, probably allowed Uppåkra to develop into a
centralized and affluent settlement in the first centu-
ries AD. The more ordinary settlements in the sur-
rounding areas appear to have been wealthy
settlements as well. However, the economy of the sur-
rounding settlements appears to have been focused on
agrarian production and they lack the evidence of
large-scale artisan production seen at the regional cen-
ter (Söderberg 2018; Bolander and Söderberg 2019).
The large size of Uppåkra (40 hectares) raises the
question of how it was supplied with food. Moreover,
if the settlement had an economic focus on craft pro-
duction and trade, along with taking a role in ceremo-
nial and administrative activities for a larger
population, an emerging hierarchical society could
have shifted the economy of the settlement to be less
reliant on its own agriculture, developing a depen-
dence on farmers from outside for its food supplies.
Alternatively, growing prosperity at the settlement
could have encouraged the development of a particu-
larly strong local agricultural base. Our knowledge of
the organization of farming and of the handling of
food and other agricultural products at the site is,
however, limited.
At present, a few studies on archaeobotanical
remains from Uppåkra have envisaged that the hand-
ling of plant products involved extended networks of
contacts. A system with crop production from the per-
iphery supplying Uppåkra was suggested due to the
observed size differences in barley grains (Larsson
2018). Larger grains were more frequent at the
regional center when compared to sites in the sur-
rounding area, indicating that the regional center
could have had access to high-quality crop products
from other farming communities. The introduction
to Uppåkra of vegetables and condiments in the
second century AD, based on finds of seeds from
plants typically grown in gardens in the Roman
empire, demonstrates that a range of garden plants
was cultivated locally (Larsson and Ingemark 2015).
Economic classification of sites using the relative
proportion of cereal grains, chaff and weed seeds
from archaeobotanical assemblages, as an indication
of different stages of crop processing, has been used
to differentiate between producer and consumer sites
and thus identify the presence of trade networks
(e.g. Hillman 1984; Jones 1985). This method, how-
ever, requires good preservation of chaff and weed
seeds and an understanding of taphonomic processes
(Van der Veen 2007). Crop by-products and weed
ecological attributes, to identify possible trade of
grain between Uppåkra and its environs, have not
yet been thoroughly analyzed, primarily due to the
lack of chaff in archaeobotanical assemblages from
Scandinavian Iron Age settlements.
This study will focus on the agricultural base of the
regional center Uppåkra by exploring whether the
settlement handled crops and livestock from the
local area or whether produce originated from other
regions. Strontium (Sr) isotope analysis was employed
as a potential method to trace the provenence of agri-
cultural products, examining the Sr isotope compo-
sition (specifically the mass fractionation corrected
ratio of 87Sr/86Sr) of cereal crops and oil plants, and
tooth enamel of livestock from a study area consisting
of Uppåkra and three more ordinary settlements situ-
ated nearby, dating to the first millennium AD. An
earlier study based on Sr isotope analysis of the
tooth enamel of cattle has indicated the presence of
non-local livestock at Uppåkra (Price 2013), but this
was a smaller study of 14 samples derived only from
Uppåkra and the question of livestock mobility in
this region therefore merits further investigation.
First, the strontium isotope composition expected
for crops growing and animals grazing in the local
area was established, based on the 87Sr/86Sr values of
archaeological rodent tooth enamel and modern
plant samples from the surrounding region, as well
as material leached from archaeological cereal grains
recovered from Uppåkra and the nearby sites. The
87Sr/86Sr values of archaeological rodent tooth enamel
and modern plants from sites located in other regions
on bedrock geologies different from the early Tertiary
limestone on which Uppåkra is situated were also
determined to reveal the variation in 87Sr/86Sr values
to be expected in the wider area. The 87Sr/86Sr values
of archaeological cereal grain residues (the material
remaining after cereal grains were leached in acid)
and livestock tooth enamel could then be used to dis-
tinguish between local versus non-local sources of
agricultural products.
This study aims to further understanding and dis-
cuss economic aspects of the agricultural base at the
regional center of Uppåkra and the settlements
which surrounded it, focusing on the relationship
between production and consumption of crops and
raising of livestock that constituted the everyday life
of individual households. By combining isotopic
investigation of both archaeobotanical and zooarch-
aeological material, this work provides a more holistic
insight into past subsistence than previous studies of
faunal remains alone. This novel methodological
approach thus offers an opportunity to understand
aspects of past subsistence strategies, while greater
insight into the wider subsistence base and the con-
nectedness of agricultural production contributes to
a broader understanding of social interactions within
an Iron Age society.
2. Archaeological site area
This study investigates four Iron Age settlements
located in the province of Scania in southern Sweden
(Figure 1). The regional center of Uppåkra is the
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largest archaeological site in the study area. Three sites
located within 6 km of Uppåkra – Uppåkra 2:25, Stan-
storp and Hjärup – represent settlements in its nearby
hinterland. These sites are relatively small in compari-
son with Uppåkra and were contemporary with the
main site at different periods of the Swedish Iron
Age (Table 1). All sites are found on similar soil
types, consisting of uniform Quaternary deposits
that are dominated by clay till and smaller areas of
sandy soil, overlying limestone bedrock (Daniel,
Malmberg Persson, and Persson 2000).
3. Technical background
3.1. The geology of Scania
Scania is located on the border between the very old
Fennoscandian bedrock that dominates much of
Sweden and Finland and the younger sedimentary
bedrock that dominates across Denmark and much
of continental Europe (Wikman and Bergström 1987).
The central and northern part of Scania consists of
Precambrian Fennoscandian bedrock, mainly grani-
toids and gneisses, between 1870 and 1000 million
years in age (see Figure 2). This Precambrian bedrock
can also be found in smaller ridges further south. In a
tectonic zone running from northwest to southeast,
there is a mixed bedrock of limestone, shale and sand-
stone, mainly dating to the Cambrian/Ordovician and
Triassic/Jurassic periods, about 570–65 million years
old. In the northeast there is a region with Cretaceous
limestone, and in the southwest a region with Tertiary
limestone, which is the youngest bedrock in Scania
and Sweden, formed about 65–55 million years ago.
This Tertiary limestone continues in Denmark to the
west.
Figure 1. Location of sampled archaeological sites on a soil map.
Table 1. Chronology of the Swedish Iron Age.
Cultural stage PRIA ERIA LRIA MP VP VIK
Chronology 500–0 BC AD 0–200 AD 200–400 AD 400–550 AD 550–800 AD 800–1050
Archaeological sites
Main site
Regional center Uppåkra √ √ √ √ √
Surrounding sites
Uppåkra 2:25 √ √
Stanstorp √ √
Hjärup √ √ √ √ √
Note: Investigated sites and cultural stage providing samples for strontium analysis are marked. PRIA = Pre-Roman Iron Age; ERIA = Early Roman Iron Age;
LRIA = Late Roman Iron Age; MP = Migration Period; VP = Vendel Period; VIK = Viking Period.
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The archaeological sites in southwestern Scania
presented in this study are all situated on Tertiary
limestone.
3.2. Strontium isotope baselines
Previous studies, using the 87Sr/86Sr values of various
biological materials – such as bones and teeth of
rodents, wool, modern plants and shells of land snails
– have established a framework of Sr isotope baselines
for different regions of southern Scandinavia, Den-
mark and northern Germany (Frei and Price 2012;
Sjögren, Price, and Ahlström 2009; Price 2013; Sjögren
and Price 2013; Arcini 2018; Kjällquist and Price
2019). In this study, additional 87Sr/86Sr values of
rodent tooth enamel, modern plant samples and
material leached from archaeological grains have
been included to obtain a higher resolution Sr isotope
baseline for the area local to Uppåkra (see Section 5.1).
3.3. Strontium in plants and animals
During growth, plants take up Sr from the bioavailable
fraction in the soil, which is mainly Sr dissolved in soil
pore water (Ericson 1985). This Sr derives from a com-
bination of in situ weathering of bedrock during soil
formation and a variable input of Sr from atmospheric
sources, namely precipitation and airborne particles
(Bentley 2006). Plants therefore have 87Sr/86Sr values
that tend to reflect their geographic origin. Indeed,
the 87Sr/86Sr values of modern plants are quite often
used in archaeological mobility studies to define the
isotopic signature of the local area (e.g. Brönnimann
et al. 2018; Willmes et al. 2014).
Sr isotope analysis of archaeological crop remains
have been few until now, due to concerns about con-
tamination with Sr from the burial environment. A
number of studies have now shown that while charred
cereal grains do adsorb exogenous Sr from the soil in
which they are buried, it is possible to remove at least
some of this Sr by leaching (soaking) in acid and thus
to determine whether the 87Sr/86Sr value of the
residual material overlaps or not with the Sr isotope
signature of the local area (Heier, Evans, and Mon-
tgomery 2009; Benson 2012; Bogaard et al. 2014; Styr-
ing et al. 2019). Although there is a possibility that not
all of the exogenous Sr contamination is removed
during leaching, incomplete removal is only likely to
result in an underestimation of whether cereals were
grown outside of the local area (Styring et al. 2019).
The determination of the Sr isotope composition of
archaeological cereal grains and the Sr that is removed
during leaching them in acid can therefore provide a
tentative means of identifying crops unlikely to have
been cultivated in the local area. Charring itself has
been found to result in a small decrease of 0.0001 in
cereal grain 87Sr/86Sr values, although this observation
is posited to be a result of inherent variability between
Figure 2. Bedrock map of Scania with sample locations of baseline Sr isotope ratios.
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different cereal grains or contamination during the
charring process rather than fractionation due to the
charring process itself (Heier, Evans, and Montgom-
ery 2009).
Isotope ratios of Sr in hydroxyapatite, the primary
mineral component of tooth enamel, have been
shown to be particularly useful signatures for the
place of origin of humans and animals. The formation
of tooth enamel incorporates nutrients in the water
and foods an individual consumed during their child-
hood and is not subsequently remodeled during life.
Thus, the 87Sr/86Sr value of tooth enamel reflects the
Sr isotope composition of the local environment
where an individual was born and lived as a juvenile.
Furthermore, tooth enamel seems not to adsorb
exogenous Sr from the soil during burial (Ericson
1985; Price, Burton, and Bentley 2002; Montgomery
2010). In the last 20 years numerous examples of the
application of Sr isotope ratios to archaeological ques-
tions have been published, which have mainly focused
on the mobility of humans (Price et al. 1994; Grupe
et al. 1997; Montgomery, Evans, and Neighbour
2003; Price and Gestsdóttir 2006; Arcini 2018). How-
ever, in the last decade several studies have also shown
that the isotopic composition of Sr in tooth enamel
can be useful to reveal mobility in animals and par-
ticularly livestock in the past (Evans et al. 2007;
Viner et al. 2010; Price 2013; Sjög
Thirty samples of charred archaeological cereal
grains were selected. These comprised 27 hulled barley
(Hordeum vulgare) grain samples and one sample each
of bread wheat (Triticum aestivum), rye (Secale cer-
eale) and oat (Avena sativa). Two additional samples
of seeds from flax (Linum usitatissimum) and gold-
of-pleasure (Camelina sativa) were also included.
Each sample comprises 10 grains/seeds from the
same archaeological context.
Enamel was sampled from molariform teeth from
pigs (Sus domesticus), cattle (Bos taurus) and horse
(Equus caballus); 45 samples in total. Because the
crown of molariform teeth forms when animals are
growing, it represents where the animal was grazing
and feeding at a young age. With only a few suitable
teeth found in the study area, different molariform
teeth were selected. Thus, depending on which teeth
were analyzed, their 87Sr/86Sr values reflect different
periods of the life history of the animals.
Ten teeth from pigs included first molars (M1) and
permanent premolars, which are formed in piglets at
1–4 months and 6–12 months, respectively (Magnell
and Carter 2007). The 31 teeth from cattle included
2 deciduous premolars and 2 first molars (M1), in
which the crown of the tooth is formed in utero. Four-
teen samples were from second molars (M2), formed
at 6–12 months of age, and 13 third molars and per-
manent premolars, formed at 12–18 months of age
(Brown et al. 1960).
To evaluate the local Sr isotopic baseline, 11
samples of enamel from incisors and molars of
rodents, i.e. water vole (Arvicola amphibius), black
rat (Rattus rattus) and yellow-necked mouse (Apode-
mus flavicollis), were selected from several archaeolo-
gical sites located on various bedrock types in Scania.
Modern bread wheat (T. aestivum) cereal grains and
straw, pinecone (Pinus sylvestris) and hazelnut shell
(Corylus avellana) were collected from three locations
(Figures 3 and 5 and Tables 3 and 4). For sample
details, see Supplementary material 3. Additionally,
the 87Sr/86Sr values of material removed from archae-
ological cereal grains after leaching/soaking in 6 M
hydrochloric acid for 24 h (leachates) were used to
estimate the local range of 87Sr/86Sr values.
4.2. Lab methods
4.2.1. Plants
Each of the charred grain samples, comprising 10
grains/seeds and weighing c. 0.2–0.3 g, was ground
to a powder using an agate mortar and pestle. This
material was then leached in 10 mL Teflon distilled
6 M hydrochloric acid (HCl) at room temperature
overnight, following method 2 of Styring et al.
(2019). All samples reacted, producing carbon diox-
ide gas, suggesting the presence of carbonate. The
samples were then centrifuged and the supernatant
fluid (leachate) decanted off. The sample was washed
twice in de-ionized water, centrifuged and the super-
natant water added to the acid leachate. The leachate
and washed samples were stored in separate test
tubes.
Table 2. Number of samples of plant and faunal remains selected for strontium isotope analysis from each archaeological site.
Archaeological site Regional center Uppåkra Uppåkra 2:25 Stanstorp Hjärup
Plants Taxa







Bos taurus 17 5 9
Sus domesticus 6 1 3
Equus caballus 4
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Samples were prepared for Sr isotope analysis fol-
lowing the protocol in Styring et al. (2019): The residual
charred material and the modern plant samples were
placed in a clean dissolution vessel. Four mL 8M nitric
acid (HNO3) and 1 mL hydrogen peroxide (H2O2)
were added and the vessels were placed on a hotplate
at 60°C overnight with lids on loosely to allow any
early gas produced through reaction with acid to
escape. The caps were then screwed down tightly and
the samples were microwaved at 170°C for 30 min.
When cool, this material was then transferred to Savil-
lex beakers and reduced in volume on a hot place in a
HEPA filtered laminar flow hood. Ultrapure H2O2
was added until the samples were a light straw yellow
color. This required about 10 mL H2O2 per sample.
The charred grain samples, the modern plant samples
and approximately half of the leachate solutions were
then dried down, converted to chloride using 6 M
HCl (Teflon distilled), dried down and taken up in cali-
brated 2.5 M HCl. Sr was separated from the samples
using Eichrom AG50 X8 cation resin.
Strontium was loaded onto a single Re filament fol-
lowing themethodofBirck (1986) and the isotopic com-
position was determined by Thermal Ionisation Mass
spectroscopy (TIMS) using a Thermo Triton multi-col-
lector mass spectrometer at NEIF, British Geological
Survey. All samples were run using a peak jumping rou-
tine of 100 * 8 s integrations. The average total Sr beam
size was 5 V. Sr ratios were normalized for instrumental
mass discrimination using a fixed 86Sr/88Sr value of
0.1194. The samples were run at a time when the inter-
national standard for 87Sr/86Sr,NIST987, gave 0.710258
± 0.000016 (2 σ, n = 36) and data are corrected to the
accepted value for this standard of 0.710250. Procedural
Sr blanks were approximately 70 pg. Procedural repro-
ducibility of plant dissolutions were monitored using
NIST 1515 apple leaf standard, which gave a 87Sr/86Sr
value of 0.713950 ± 0.00004 (2 σ, n = 18) and a Sr con-
centration of 25.5 ± 3.9 ppm (2 σ, n = 18).
4.3.2. Fauna
Faunal samples were analyzed at two laboratories, in
which different methods were used for preparation
and analysis. The samples from Uppåkra were analyzed
at the Department of Geological Sciences, University of
North Carolina at Chapel Hill, the samples fromHjärup
and Stanstorp at NIGL, British Geological Survey.
Laboratory methods at Department of Geological
Sciences, University of North Carolina at Chapel Hill
(Sjögren, Price, and Ahlström 2009; Price 2013):
Tooth enamel was separated with a drill and pre-
cleaned in high purity water. The samples were further
pre-cleaned by mechanical abrasion with a Dremel
tool fitted with a sanding bit to remove the outer sur-
face and potential contamination. Samples weighing
2–5 mg were then dissolved in 5 M HNO3. The Sr
fraction was purified using EiChrom Sr-Spec resin
and eluted with HNO3 followed by water.
Isotopic ratios were obtained on the strontium frac-
tion using a VG (Micromass) Sector 54 TIMS in the
Department of Geological Sciences, University of
North Carolina at Chapel Hill. This is a single focusing,
magnetic sector instrument equipped with multiple
Faraday collectors. Strontium was placed on single Re
filaments and analyzed using a quintuple-collector
dynamic mode of data collection. Internal precision
for 87Sr/86Sr analyses is typically 0.0006–0.0009% stan-
dard error, based on 100 dynamic cycles of data collec-
tion, i.e. ±0.000006. Recent analyses of the strontium
NIST 987 standard average 0.710260 ± 0.000010 (2 σ,
n = 30) and data are corrected to the accepted value
for this standard of 0.710250. Sr ratios were normalized
Figure 3. 87Sr/86Sr values of archaeological cereal grains (residues and leachates) from Uppåkra and its surrounding sites com-
pared to the 87Sr/86Sr values of archaeological rodent tooth enamel and modern plant samples from various bedrock types in
Scania. Shading represents the range in 87Sr/86Sr values of each group.
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for instrumental mass discrimination using a fixed
86Sr/88Sr value of 0.1194. Total procedural blanks for
strontium are typically below 100 μg, which is insignifi-
cant relative to the amounts of Sr in the samples.
Laboratory methods at NIGL, British Geological
Survey: The enamel surface of the tooth was abraded
from the surface to a depth of >100 microns using a
tungsten carbide dental bur and the removed material
discarded. An enamel sample was cut from the tooth
using a flexible diamond edged rotary dental saw.
All surfaces were mechanically cleaned with a dia-
mond bur to remove adhering dentine. The resulting
sample was transferred to a clean (class 100, laminar
flow) working area for further preparation. In a
clean laboratory, the sample was first cleaned ultra-
sonically in high purity water to remove dust, rinsed
twice, and then soaked for an hour at 60°C, rinsed
twice, then dried and weighed into pre-cleaned
Teflon beakers. The sample was mixed with 84Sr tracer
solution and dissolved in Teflon distilled 8 M HNO3
before being converted to its chloride form using 6
M HCl.
Strontium was collected using Eichrom AG50 X8
resin columns. Strontium was loaded onto a single Re
filament following the method of Birck (1986) and the
isotope composition was determined by TIMS using a
Thermo Triton multi-collector mass spectrometer.
Samples ran at about 1350–1450 degrees °C with a
beam size of 2–4 Volts. All samples were run in static
mode for 100–200 scans and to an internal run precision
average of ±0.00012 (1SE). The international standard
for 87Sr/86Sr, NBS987, gave a value of 0.710270 ±
0.000006 (2 σ, n = 8) during the analysis and data were
corrected to the accepted value of 0.710250.
5. Results
5.1. Establishing a “local” environmental
strontium isotope signature
Table 3 and Figure 2 show the 87Sr/86Sr values of car-
bonized cereal grains from Uppåkra and its surround-
ing sites compared to the 87Sr/86Sr values of
archaeological rodent tooth enamel and modern
Table 3. 87Sr/86Sr values of archaeological cereal grains and seeds of oil plants (residues and leachates) from Uppåkra and its
surrounding sites and the 87Sr/86Sr values of archaeological rodent tooth enamel and modern plant samples from different
bedrock types in Scania.
No Site Region Bedrock Taxon Specimen 87Sr/86Sr corr Leachate
Locations in Scania
1 Various sites (n = 8) Southwest Scania Limestone Rodent Enamel 0.71013–0.71142 ·
2 Regional center Uppåkra (n = 2) Southwest Scania Limestone Bread wheat Grain/straw 0.71117–0.71123 ·
3 Hammar Northeast Scania Limestone Rodent Enamel 0.71172 ·
4 Ringsjöholm (n = 2) Central Scania Shale Rodent Enamel 0.71089–0.71128 ·
5 Various sites (n = 2) Central Scania Granitic gneiss Hazel/Pine Shell/cone 0.71535–0.71726 ·
Main site
6 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71468 0.71185
7 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71701 ·
8 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71583 0.71090
9 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71270 ·
10 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71262 0.71118
11 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71709 ·
12 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71300 0.71159
13 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71264 ·
14 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71281 ·
15 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71211 ·
16 Regional center Uppåkra Southwest Scania Limestone Bread wheat Grain 0.71287 0.71163
17 Regional center Uppåkra Southwest Scania Limestone Oat Grain 0.71304 ·
18 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71195 0.71111
19 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71263 ·
20 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71281 0.71169
21 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71232 ·
22 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71279 0.71155
23 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71432 ·
24 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71433 0.71167
25 Regional center Uppåkra Southwest Scania Limestone Rye Grain 0.71420 ·
26 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71344 0.71205
27 Regional center Uppåkra Southwest Scania Limestone Hulled barley Grain 0.71338 ·
Surrounding sites
28 Uppåkra 2:25 Southwest Scania Limestone Hulled barley Grain 0.71909 0.71148
29 Uppåkra 2:25 Southwest Scania Limestone Hulled barley Grain 0.71873 ·
30 Uppåkra 2:25 Southwest Scania Limestone Hulled barley Grain 0.72228 0.71130
31 Uppåkra 2:25 Southwest Scania Limestone Flax Seed 0.71333 ·
32 Uppåkra 2:25 Southwest Scania Limestone Gold of pleasure Seed 0.71348 0.71045
33 Stanstorp Southwest Scania Limestone Hulled barley Grain 0.71430 ·
34 Stanstorp Southwest Scania Limestone Hulled barley Grain 0.71481 0.71005
35 Stanstorp Southwest Scania Limestone Hulled barley Grain 0.71770 ·
36 Stanstorp Southwest Scania Limestone Hulled barley Grain 0.723539 ·
37 Hjärup Southwest Scania Limestone Hulled barley Grain 0.733452 0.71167
Note: Numbers in left column correspond to data in Figure 3.
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plant samples from various bedrock types in Scania.
The 87Sr/86Sr values of the material removed from
the archaeological grains after leaching in 6 M HCl
for 24 h (leachates) range from 0.71005 to 0.71205
and average 87Sr/86Sr = 0.71134 ± 0.00054 (1 σ, n =
15). This range encompasses the 87Sr/86Sr values of
archaeological (Iron Age to Medieval period) rodent
enamel samples, which range from 0.71013 to
0.71142 and average 0.71101 ± 0.00041 (1 σ, n = 8),
and two modern plant samples (87Sr/86Sr = 0.71118
and 0.71123) from areas of limestone bedrock in
southwest Scania (see Figure 3 – sampling locations).
Enamel from an archaeological rodent recovered in
an area of limestone bedrock in northeast Scania
(Figure 2) has a slightly higher 87Sr/86Sr value of
0.71172 than the values of the rodents and plants
from southwest Scania. The 87Sr/86Sr values of enamel
from rodents recovered near Lake Ringsjön in central
Scania, on an area with shale bedrock, also fall within
the range of cereal grain leachate values, whereas the
87Sr/86Sr values of modern plants sampled in central
Scania east of Lake Ringsjön, in an area with granitic
gneiss bedrock, are much higher (average 0.71631 ±
0.00135, 1 σ, n = 2).
Table 4. 87Sr/86Sr values of archaeological faunal tooth enamel from Uppåkra and the nearby sites of Hjärup and Stanstorp and
the 87Sr/86Sr values of archaeological rodent tooth enamel and modern plant samples from various bedrock types in Scania.
No Site Region Bedrock Taxon Specimen 87Sr/86Sr
Locations in Scania
1 Various sites (n = 8) Southwest Scania Limestone Rodent Enamel 0.71013–0.71142
1 Regional center Uppåkra (n = 2) Southwest Scania Limestone Bread wheat Grain/straw 0.71118–0.71123
2 Ringsjöholm (n = 2) Central Scania Shale Rodent Enamel 0.71089–0.71128
3 Various sites (n = 2) Central Scania Granitic gneiss Hazel/Pine Shell/cone 0.71535–0.71726
4 Uppåkra/Stanstorp (n = 14) Southwest Scania Limestone Leachate Grain 0.71000–0.71205
Main site Tooth
5 Regional center Uppåkra Southwest Scania Limestone Cattle dp2-dp4- 0.71095
6 Regional center Uppåkra Southwest Scania Limestone Cattle M3- 0.71140
7 Regional center Uppåkra Southwest Scania Limestone Cattle M1M2- 0.71208
8 Regional center Uppåkra Southwest Scania Limestone Pig dp4-M1- 0.71179
9 Regional center Uppåkra Southwest Scania Limestone Cattle dp4- 0.71151
10 Regional center Uppåkra Southwest Scania Limestone Cattle M3- 0.70974
11 Regional center Uppåkra Southwest Scania Limestone Cattle M3- 0.71132
12 Regional center Uppåkra Southwest Scania Limestone Cattle M3- 0.71139
13 Regional center Uppåkra Southwest Scania Limestone Cattle M3- 0.71225
14 Regional center Uppåkra Southwest Scania Limestone Cattle M3- 0.71243
15 Regional center Uppåkra Southwest Scania Limestone Pig P3-M1- 0.71130
16 Regional center Uppåkra Southwest Scania Limestone Pig dp3-M1- 0.71135
17 Regional center Uppåkra Southwest Scania Limestone Pig M1- 0.71137
18 Regional center Uppåkra Southwest Scania Limestone Pig M1-M3- 0.71147
19 Regional center Uppåkra Southwest Scania Limestone Pig M1- 0.71184
20 Regional center Uppåkra Southwest Scania Limestone Cattle M2- 0.71144
21 Regional center Uppåkra Southwest Scania Limestone Cattle M2- 0.71161
22 Regional center Uppåkra Southwest Scania Limestone Cattle M2- 0.71218
23 Regional center Uppåkra Southwest Scania Limestone Cattle M2- 0.71332
24 Regional center Uppåkra Southwest Scania Limestone Cattle M2- 0.71336
25 Regional center Uppåkra Southwest Scania Limestone Cattle M3- 0.71179
26 Regional center Uppåkra Southwest Scania Limestone Cattle M3- 0.71162
27 Regional center Uppåkra Southwest Scania Limestone Cattle M3+ 0.71234
Surrounding sites
28 Hjärup Southwest Scania Limestone Cattle M3 0.71052
29 Hjärup Southwest Scania Limestone Cattle M2 0.71061
30 Hjärup Southwest Scania Limestone Cattle M2 0.71116
31 Hjärup Southwest Scania Limestone Cattle P3 0.71130
32 Hjärup Southwest Scania Limestone Cattle M2 0.71621
33 Hjärup Southwest Scania Limestone Cattle M2 0.72406
34 Hjärup Southwest Scania Limestone Pig P3 0.71052
35 Hjärup Southwest Scania Limestone Cattle P4 0.71231
36 Hjärup Southwest Scania Limestone Pig P3 0.71161
37 Hjärup Southwest Scania Limestone Cattle M2 0.70974
38 Hjärup Southwest Scania Limestone Cattle I1 0.71201
39 Hjärup Southwest Scania Limestone Pig P4 0.71170
40 Stanstorp Southwest Scania Limestone Cattle M2 0.71134
41 Stanstorp Southwest Scania Limestone Cattle M2 0.71091
42 Stanstorp Southwest Scania Limestone Cattle M1 0.71560
43 Stanstorp Southwest Scania Limestone Horse I1 0.71042
44 Stanstorp Southwest Scania Limestone Pig di1 0.71068
45 Stanstorp Southwest Scania Limestone Cattle M2 0.71083
46 Stanstorp Southwest Scania Limestone Cattle M2 0.71132
47 Stanstorp Southwest Scania Limestone Horse I3 0.71120
48 Stanstorp Southwest Scania Limestone Horse I3 0.71091
49 Stanstorp Southwest Scania Limestone Horse I2 0.71294
Note: Previous baseline data is based on data from Price (2013); Arcini (2018); Lindberg and Schmidt Sabo (2019); Söderberg (2018); Bolander and Söder-
berg (2019). Numbers in left column correspond to data in Figure 5.
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The 87Sr/86Sr values of the leachates are normally
distributed (Shapiro–Wilk test: W = 0.89, p = .063),
although visual inspection of the data in a normal prob-
ability plot (Q–Q plot), which compares the data by
quantiles to the expected normal curve, indicates that
the two leachates of cereal grains from Stanstorp are
slightly lower than the reference line (Figure 4(a)).
5.2. Identifying locally grown cereals
The 87Sr/86Sr values of the material remaining after
leaching the cereal grain samples (i.e. excluding oil
seed crops, L. usitatissimum and C. sativa) in 6 M
HCl for 24 h (residues) are consistently higher than
the 87Sr/86Sr values of the leachates, ranging from
0.71195 to 0.72228 (n = 14) (Figure 3). The 87Sr/86Sr
values of the residues are not normally distributed
(Shapiro–Wilk test:W = 0.81, p < .001). Visual inspec-
tion of the data in a normal probability plot indicates
that there is a positive skew to the data and that seven
of the samples clearly fall outside of the normal distri-
bution (Figure 4(b)). These are samples with 87Sr/86Sr
values≥ 0.71582. Of the archaeological cereal grain
samples from Uppåkra identified as falling outside
the normal distribution, one is dated to the Early
Roman Iron Age, one to the Late Roman Iron Age
and one to the Migration Period. All three of the cereal
grain samples from Roman Iron Age site Uppåkra 2:25
and the one from Migration period Hjärup also fall
outside the normal distribution. The 87Sr/86Sr values
of L. usitatissimum and C. sativa seed residues after
leaching are notably higher than those of the cereal
grains (87Sr/86Sr = 0.72354 and 0.73345, respectively).
Both samples of oil seeds were sampled from the
same context, a refuse pit at Uppåkra 2:25, from
which cereal grains were also taken and whose
87Sr/86Sr value falls outside the normal distribution.
5.3. 87Sr/86Sr values of animals
Table 4 and Figure 5 show the 87Sr/86Sr values of ani-
mal tooth enamel from the regional center Uppåkra
and the nearby sites of Hjärup and Stanstorp com-
pared to the 87Sr/86Sr values of archaeological rodent
tooth enamel and modern plant samples from various
bedrock types in Scania and leachates from
Figure 4. Normal probability plots (Q–Q plot), comparing the 87Sr/86Sr values of: (A) archaeological cereal grain leachates; (B)
archaeological cereal grain residues; (C) livestock (pig, cattle and horse) tooth enamel samples to their expected normal curves.
Figure 5. 87Sr/86Sr values of archaeological faunal tooth enamel from Uppåkra and the nearby sites of Hjärup and Stanstorp, com-
pared to the 87Sr/86Sr values of archaeological rodent tooth enamel and modern plant samples from various bedrock types in
Scania and archaeological cereal grain leachates from Uppåkra and surrounding sites. Shading represents the range in
87Sr/86Sr values of each group defining a local baseline.
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archaeological cereal grains from Uppåkra and sur-
rounding sites. The 87Sr/86Sr values of pig tooth
enamel range from 0.71052 to 0.71184 and average
87Sr/86Sr = 0.71136 ± 0.00044 (1 σ, n = 10). The
87Sr/86Sr values for pigs from all three settlements
are within the range of the local baseline defined by
the 87Sr/86Sr values of local rodent teeth and modern
plants and cereal grain leachates (Figure 5). The
87Sr/86Sr values of cattle tooth enamel range from
0.70974 to 0.72406 and average 87Sr/86Sr = 0.71221 ±
0.00259 (1 σ, n = 31). One of the cattle tooth enamel
samples from Uppåkra has a lower 87Sr/86Sr value
than the range of archaeological cereal grain leachate
values, whereas six are higher than the range, i.e.
have more radiogenic 87Sr/86Sr values (Figure 5).
This indicates that a relatively large proportion
(35%) of the cattle may not have been local, although
most 87Sr/86Sr values only differ slightly from the local
baseline and thus could be from nearby areas with
slightly different bedrock.
Four cattle tooth enamel samples from Hjärup have
87Sr/86Sr values either lower or higher than the local
baseline. From Stanstorp, tooth enamel samples
from one of the cattle and one horse have 87Sr/86Sr
values inconsistent with the local baseline. Among
these samples, two cattle teeth from Hjärup and one
from Stanstorp have highly radiogenic values, corre-
sponding to more distant regions with Precambrian
bedrock (Table 4).
6. Discussion
6.1. Establishing a “local” environmental
strontium isotope signature
The 87Sr/86Sr values of archaeological bones (mean ± 2
σ) are sometimes used to provide a baseline range of
local 87Sr/86Sr values, based on the assumption that
groundwater Sr in the soil exchanges with biogenic
Sr in the bone matrix, altering the biogenic Sr signa-
ture and even entirely overwriting it with the Sr isoto-
pic composition of the local soil (see Bentley 2006).
Bone tissue is therefore usually not sampled, but
instead tooth enamel, which due to its denser structure
and mainly inorganic composition does not absorb Sr
from surrounding soil as readily (Balasse 2002; Mon-
tgomery 2010). The same principle regarding bones
can be applied to charred cereal grains, since plant
remains have also been found to adsorb Sr from the
burial environment (Styring et al. 2019). In an exper-
imental setup, leaching of buried charred grains in 6M
HCl gave leachates with 87Sr/86Sr values similar to
those of buried grains before leaching, which is likely
a mix of the 87Sr/86Sr values of a water leach of the soil
and the original, unburied grains (Styring et al. 2019).
If the same is the case here, the 87Sr/86Sr value of the
local soil is likely to be slightly lower than the values
of the leachates and thus to be in close agreement
with the 87Sr/86Sr values of the rodent tooth enamel
samples from the area. It can therefore be proposed
that the range of mean ± 2 σ of archaeological cereal
grain leachate 87Sr/86Sr values (0.71134 ± 0.00108, or
0.71026–0.71242), is consistent with the local Sr isoto-
pic signature. This range in 87Sr/86Sr values also
encompasses 87Sr/86Sr values of tooth enamel samples
of rodents from southwest Sweden, which range from
0.71013 to 0.71172 (Table 4). Since all the values of the
samples of rodents and modern plants falls within an
expected range in relation to the bedrock of Cretac-
eous limestone in the region, the established local
strontium isotope signature can be considered reliable.
6.2. Mobility of agricultural products
6.2.1. Identifying locally grown cereals
Only three of the archaeological cereal grain residues
fall within the range in 87Sr/86Sr values of rodent
tooth enamel samples from southwest Scania and the
range of mean ± 2 σ of archaeological cereal grain lea-
chates. If we were to define locally grown cereals as
only those with 87Sr/86Sr values within this range,
then only these three samples would be interpreted
as having grown locally. This is surprising, given the
suitable agricultural soils in the local area (Ekström
1950). It is therefore possible that: (1) the 87Sr/86Sr
values of the cereal grain residues are not representa-
tive of the Sr value of the original biogenic Sr, or (2)
the local range in 87Sr/86Sr values defined by rodent
enamel and archaeological cereal grain leachates
differs from the Sr isotopic composition of bioavail-
able Sr taken up by crops in the past.
Leaching of buried charred cereal grains in 6 M
HCl has been found to remove some but not all con-
taminant Sr derived from the soil, and also to remove
biogenic Sr (Heier, Evans, and Montgomery 2009;
Styring et al. 2019). It is therefore likely that the
87Sr/86Sr values of the archaeological cereal grain resi-
dues represent a mix of contaminant Sr from the soil
and residual biogenic Sr from the grains. Since the cer-
eal grain residues all have more radiogenic 87Sr/86Sr
values than the material leached out by the acid and
the local tooth enamel, any remaining contaminant
soil Sr likely has a lower 87Sr/86Sr value than the orig-
inal biogenic Sr. If some of this contaminant Sr
remains in the grain residues after leaching, it means
that the 87Sr/86Sr values of the original unburied grains
could in fact be even higher than those of the leached
residues. If this is the case, none of the grains would
fall within the local Sr signature defined by rodent
enamel and cereal grain leachates. Biased removal of
biogenic Sr with a particular isotopic composition
during leaching is unlikely to account for the more
radiogenic 87Sr/86Sr values of cereal grains residues,
since leaching of uncontaminated charred cereal
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grains in 6 M HCl was only found to alter their
87Sr/86Sr values by up to ±0.0001 (Heier, Evans, and
Montgomery 2009; Styring et al. 2019).
It is possible, then, that the Sr isotopic compo-
sition of the samples used to define the environ-
mental baseline (archaeological rodent enamel,
modern plants, and archaeological cereal grain lea-
chates) differs from that of ancient crops grown
in the local area. The choice of proxies to define
a local bioavailable Sr isotopic signature has been
the subject of much debate and has not yet been
fully resolved (e.g. Bentley 2006; Grimstead,
Nugent, and Whipple 2017; Maurer et al. 2012).
A recent study aiming to establish a Sr isotope
baseline for southwestern Sweden (north of the
study area in this paper) chose to sample surface
waters, enamel from small mammals from archaeo-
logical contexts and modern snail shells, due to
concerns that modern plants could be affected by
wind-blown dust and that the Sr isotopic compo-
sition of soil is difficult to interpret in terms of
bioavailable Sr (Blank et al. 2018). Frei and Frei
(2011) found that the 87Sr/86Sr values of soil
extracts and snail shells were on average 0.001
lower than those of lake and stream waters and
sheep hair sampled from the same area on Zealand.
Denmark. They tentatively attributed this to wash-
out of Sr with an elevated 87Sr/86Sr value from top-
soil and preferential uptake of the remaining Sr
with a lower 87Sr/86Sr value by small herbivores.
Blank et al. (2018), on the other hand, found no
significant difference between the 87Sr/86Sr values
of surface waters, small mammals and snail shells.
Sr studies to date have tended to focus on defining
baselines for comparison with human and faunal
tooth enamel, which will be an average of con-
sumed food and water sources from multiple
areas. However, significant variability in individual
plant 87Sr/86Sr values (e.g. Snoeck et al. 2020),
which will depend upon the soil composition of
the particular patch in which a plant is growing,
makes it difficult to interpret archaeological crop
87Sr/86Sr values as local or not using conventionally
defined isotopic baselines. Future work should focus
on further defining this variability (up to 0.0052
between plants growing at a single location in Ire-
land; Snoeck et al. 2020) in order to provide an
appropriate local baseline for comparison with
archaeological crop remains.
Leaching in 6 M HCl extracts Sr associated with
hydrous iron-manganese oxides adsorbed on clays
and occurring in carbonates and sulfides (Négrel,
Grosbois, and Kloppmann 2000). Indeed, the bubbling
observed during acid leaching of the archaeological
cereal grains in this study testifies to the dissolution
of carbonates. This leaching process could therefore
have released relatively recalcitrant Sr that would not
be bioavailable to plants, suggesting that the leachates
could have a different isotopic composition from those
of locally growing plants. The fact, however, that the
87Sr/86Sr values of rodent tooth enamel from the
local area and two modern plant samples growing
close to the site overlap with the leachate 87Sr/86Sr
values suggests that dissolution of non-bioavailable
Sr does not result in a notable difference in the Sr iso-
topic composition. It cannot be excluded that collec-
tion of more environmental baseline samples,
including water and more modern plants, might
help to determine whether the range in 87Sr/86Sr
values of the Iron Age fields for crops is in fact
wider than that of the cereal grain leachates and
rodent enamel, which are all from the settlements
themselves and therefore represent a very restricted
area.
An alternative method of identifying non-locally
grown cereals, without relying on an independently
defined local Sr isotope signature, could be to treat
those cereal grain residues whose 87Sr/86Sr values fall
outside of the normal distribution as having grown
outside of the local area. Wright (2005) used a similar
statistical method for human individuals from Tikal,
Guatemala, first excluding 87Sr/86Sr values that were
clear outliers and then identifying samples that
differed from the normal distribution using a normal
probability plot. Figure 4(b) is a normal probability
plot of the 87Sr/86Sr values of cereal grain residues in
this study and shows that seven of the cereal grain resi-
dues fall outside of the normal distribution and could
therefore be interpreted as having grown outside of
the local area.
In regional center Uppåkra, these potentially non-
locally grown cereals were recovered from a house,
from contexts dating to the Early Roman Iron Age
and Migration Period, and from a hall building, dat-
ing to the Late Roman Iron Age. These samples have
87Sr/86Sr values ranging from 0.71583 to 0.71709.
87Sr/86Sr values around 0.7160 have been established
for samples from the central parts of Scania located
on granitic gneiss, some 40–60 km northeast of
Uppåkra and the grain could possibly originate
from this area. One cereal grain sample from the
more ordinary settlement of Hjärup, dating to the
Migration Period, could also originate from Central
Scania, although its 87Sr/86Sr value is slightly higher
at 0.71770. All the cereal grain samples analyzed
from the more ordinary settlement of Uppåkra
2:25, dating to the Early Roman Iron Age, were
potentially non-local, ranging from 0.71873 to
0.72228. The closest region where similar values
have been recorded are in the neighboring provinces
of Blekinge and Småland about 120–250 km north-
east of the Uppåkra region (Glykou et al. 2018).
There is also the Romeleåsen ridge, c. 15 km south-
east of the archaeological sites, which has similar
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bedrock and could therefore support plants with
higher 87Sr/86Sr values as well.
6.2.2. Mobility of livestock
A relatively large proportion (35%) of the cattle have
87Sr/86Sr values that fall outside the range of the
local baseline and therefore seem to have been brought
to the Uppåkra area prior to slaughter. This is in
accordance with results based on kill-off patterns of
cattle from Uppåkra, which show a larger proportion
of fully-grown animals (2.5–4 years) and adults over
4 years than would be expected for a locally-raised
population, indicating the import of slaughter animals
to the regional center (Magnell, Boethius, and Thil-
derqvist 2013). Seven of the cattle from Uppåkra,
one from Hjärup and one horse from Stanstorp have
87Sr/86Sr values, ranging from 0.71218 to 0.71336,
which are only slightly more radiogenic than the
local baseline. These animals could originate from
areas with slightly older bedrock than that found in
the Uppåkra area. It is difficult to pin-point with cer-
tainty from which area these animals originate. Poss-
ibly these cattle and horses were raised on pastures
north of the city of Lund, where the bedrock of Juras-
sic and Triassic shale differs from the Tertiary lime-
stone in the Uppåkra area (SGU Ser Ba nr 40).
Corresponding 87Sr/86Sr values (0.71120–0.7216) of
tooth enamel have been measured from pigs from
Rya in northwest Scania, an area with similar bedrock
to the area north of Lund. This area is only about 5 km
from Uppåkra and the settlement’s main pastures
could have been situated in this area.
Two cattle teeth, from Uppåkra and Hjärup,
respectively, have slightly lower values (0.70974)
than the local baseline. Similar values have been estab-
lished for Zealand in Denmark and could represent
imports of cattle over the Öresund strait (Frei and
Price 2012). Another possibility is that cattle were
grazing on meadows by the sea just some 4–6 km
west of the settlements, and that the lower 87Sr/86Sr
values could result from sea spray, since seawater
has a 87Sr/86Sr value of 0.7092 (Whipkey et al. 2000;
Snoeck 2014). Two cattle from Hjärup and one from
Stanstorp have 87Sr/86Sr values (0.71621–0.72406)
that clearly differ from the local baseline and indicate
the possibility of imports of livestock from areas with
older bedrock. Possibly cattle were herded from cen-
tral parts of Scania about 40–60 km from Uppåkra,
where 87Sr/86Sr values are around 0.7160. 87Sr/86Sr
values as high as 0.7241 have only been found in the
regions of Västergötland and Östergötland, over
300 km north of the study area (Arcini 2018). How-
ever, we have few baseline samples from northern Sca-
nia and the neighboring province of Småland, and it is
possible that the cattle originate from this area.
All the tooth enamel samples from pigs from the
settlements Uppåkra, Hjärup and Stanstorp have
87Sr/86Sr values within the range of rodent enamel
samples from the local study area. This indicates that
pigs were not moved over any great distance, but
were kept close to these settlements. Thus, pigs do
not seem to have been included in any exchange sys-
tem involving imports of grain and cattle herded to
the Uppåkra area. It therefore seems possible, at
least for the Iron Age in Scandinavia, to use the
87Sr/86Sr values of tooth enamel from pigs as an
approximation for the local Sr isotope signature at a
site.
6.2.3. Implications for long-distance movement
of livestock and grain
This Sr isotope study of cereal grain and faunal
remains shows that some grain and faunal products
found in the study area around Uppåkra are of non-
local origin. A third of the fauna analyzed exhibited
non-local 87Sr/86Sr values and for now, we assume
that those cereal grain samples that fall outside the
normal 87Sr/86Sr value distribution (c. 20% of the
total) were non-local to the sites. To address these
results we need to consider both practical aspects of
farming and its preconditions in the study area, and
how social interactions within an Iron Age society
may have played a role in the movement of agricul-
tural products. Concerning the 87Sr/86Sr values of cer-
eal grains, we additionally need to consider
methodological aspects (see above discussion).
The investigated sites are situated in an area of
southwestern Scania with mostly fertile soils, provid-
ing ideal conditions for arable production. This
would have given farmers the possibility to produce
crops with high yields, likely providing sufficient
grain supplies to meet the local demand for staple
grain. These circumstances differ from parts of Scania
with older bedrock and poorer soils, where arable pro-
duction was lower and agriculture was more focused
on animal herding.
A recently published compilation and modeling of
pollen data shows that the fertile soils of southwestern
Scania during the Iron Age were characterized by a
very open, almost treeless landscape, and that arable
land covered c. 20–35% of the land area (Lagerås
and Fredh 2019). Another recent study determined
nitrogen isotope values of archaeological cereal grains
recovered from Uppåkra and six nearby sites (Larsson,
Bergman, and Lagerås 2019). Larsson, Bergman, and
Lagerås (2019) found that the grains had high nitrogen
isotope values and attributed these to systematic
addition of manure to arable fields during most of
the first millennium AD. These studies both point to
intensive crop production in the area, and for that
reason, it seems unlikely that farmers in the investi-
gated area had the need to import large quantities of
grain from regions outside. Large areas around the
settlements were potentially used for crop production,
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leaving fewer areas for pastures. Smaller livestock,
such as pigs, and some of the cattle stock were likely
kept in the area around the settlement. About a
third of the cattle in this study may have been included
in transhumance systems, where distant pastures were
located either by the sea or in areas north of Uppåkra.
Culture and traditions may on the other hand have
influenced agricultural aspects of social life and the
mobility of agricultural products. For example, in
the Germania, Tacitus writes that it was customary
for settlements and individual households to make
voluntary contributions of cattle and crops to their
leaders (Tacitus, Germania 15). A payment in agricul-
tural produce or other valuables was accepted by the
leaders as a token of honor, and protection or security
to farmers may have been given in return. A similar
system may have been in place around the regional
center of Uppåkra, and if so, it could explain some
of the non-local produce found in the archaeological
record. According to later Old Norse sources, rulers
of the Late Iron Age society in Scandinavia had a cen-
tral role as leaders for cult and communal gatherings,
which included sacrifices and feasting, called blót.
These ritual feasts had significant social importance
in consolidating social structures and it seems that
the people were obliged to give gifts, such as animals
for slaughter and barley to produce beer, to the leading
aristocracy at the ritual feast (Sundqvist 2000).
Uppåkra has been assumed to have been a religious
center based on finds of a ceremonial building, ritual
objects and evidence of feasting (Helgesson 2002;
Larsson 2011; Magnell, Boethius, and Thilderqvist
2013). The ceremonial building at Uppåkra was rebuilt
several times according to the same ground plan and
stood on the same place from the Roman Iron Age
until the Viking Period (Larsson and Lenntorp
2004). One possibility is therefore that imported
grains and cattle to the regional center could have
been tributes to ritual feasts and the rulers of Uppåkra.
Moreover, large-scale production of malt used for
beer-making has previously been identified in an
area within the regional center, and this further under-
lines the likelihood of activities that may be linked to
feasting and/or trade (Larsson, Svensson, and Apel
2018).
Another aspect of social life may have involved
exchange of agricultural products. Previous studies
investigating kill-off patterns of cattle and metric ana-
lyses of barley grains at Uppåkra and settlements in its
surrounding area indicate the possibility of exchange
of agricultural products (Magnell, Boethius, and Thil-
derqvist 2013; Larsson 2018). That non-local cattle
and grains were also found at the settlements of
Uppåkra 2:25, Hjärup and Stanstorp, in the surround-
ings of the regional center, indicates that these settle-
ments were part of an exchange system of
agricultural products with other regions as well.
Alternatively, Hjärup and Stanstorp, which were rela-
tively large, prosperous settlements, accessed agricul-
tural products from the nearby regional center,
possibly via exchange or redistribution within the
farming society.
If we consider the chronology of the indicated non-
local 87Sr/86Sr values, we see that the cereal grain resi-
dues that fall outside of the normal distribution are
more frequent (five of the seven 87Sr/86Sr values) in
the early periods (c. AD 0–400), compared to later
periods (c. AD 400–1050; 2 of the 23 87Sr/86Sr values).
Changes in agricultural practices over time are indi-
cated by a number of archaeobotanical investigations
in the study area. Macrofossil records show that crop
production changed at different times (Larsson
2015). Although hulled barley was the principle crop
in the first millennium AD, in the early periods (c.
AD 0–400), cereal cultivation appears to have been
more diverse, including wheats, naked barley and
broomcorn millet, and different settlements or farm-
steads in the environs of Uppåkra had specialized cer-
eal cultivation. In later periods (c. AD 600–1050) rye
gradually became a staple crop along with barley,
reducing the economic importance of other cereals.
Investigations of manuring intensity in the study
area, based on nitrogen isotope analysis of ancient bar-
ley grains, show that manuring inputs in crop cultiva-
tion varied during the initial period (AD 0–200),
reflecting mixed manuring regimes, but were generally
high during the later periods (AD 200–1000), indicat-
ing systematic input of manure (Larsson 2019). Such
changes in cultivation practice could also have
involved a change in the kinds of soils that were culti-
vated: glaciofluvial sediments with sand on older bed-
rock could have been used in the early periods and
later, there may have been more systematic cultivation
on clay. This could account for the lower variability of
cereal grain 87Sr/86Sr values in later periods.
The 87Sr/86Sr values of cattle tooth enamel indicate
an opposite trend for imports of livestock. There are
only three samples dating to the Pre-Roman/Roman
Iron Age (500 BC–AD 400), but all have 87Sr/86Sr
values corresponding to the local Sr isotopic baseline,
providing no evidence for imports of livestock during
this time. From the Late Iron Age (AD 400–1050), 13
of the 28 cattle seem to originate from areas with
different bedrock to that found in the Uppåkra area.
Identifying long-distance movement of livestock
and grain in the study area, we also need to consider
the archaeological contexts that were sampled. At
Uppåkra, archaeological excavations have over the
years largely focused on the central area of the site.
This central area has revealed hall-buildings, a cere-
monial house, grain storage and areas for ritual activi-
ties, and along with an abundance of high-status
artifacts, it has been suggested that this area of the
site was associated with the social elite, but functioned
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also as a place of communal use (Larsson and Söder-
berg 2012; Magnell, Boethius, and Thilderqvist 2013;
Larsson 2019). Because very few “ordinary” house-
holds on the site have been excavated and analyzed,
we consider samples used in this study to be from
archaeological contexts belonging to the aristocracy
and ritual areas. Concerning the surrounding sites,
these are smaller than the regional center, but are
still large compared to other contemporary settle-
ments in the region, comprising numerous farm-
steads. The sites of Stanstorp and Hjärup also appear
to have been wealthy. Thus, the central position of
economic and political power at Uppåkra probably
also provided economic advantages to surrounding
settlements, which according to this study, likely
involving access to non-local produce.
7. Conclusion
This study is one of the first to examine the Sr isotope
composition of both crop and animal remains recov-
ered on archaeological sites to obtain a more holistic
insight into the movement of agricultural products
in the past. The novel approach of determining the
87Sr/86Sr values of archaeological crop remains is
nonetheless not without its challenges. Sampling of
material to assess biogenic Sr isotope signatures of
locally grown crops needs to be carefully considered,
since unlike animals and humans, plant 87Sr/86Sr
values are not an average of the isotopic composition
of Sr consumed over a [variably] wide area. In this
study we therefore use the normal distribution of
archaeological cereal grain 87Sr/86Sr values to identify
likely non-locally cultivated crops, but the validity of
this approach needs to be further assessed. Some
uncertainties also remain regarding the extent to
which the 87Sr/86Sr value of leached cereal grains
reflects the isotopic composition of the original bio-
genic Sr prior to burial and thus how these 87Sr/86Sr
values can be interpreted in terms of locally versus
non-locally sourced crops.
The results from the strontium isotope analysis has
found that some cereal grain samples have particularly
high 87Sr/86Sr values, ≥0.71582, which fall outside the
normal distribution and are therefore highly likely to
have grown outside the local area. These 87Sr/86Sr
values are more radiogenic than the local baseline
and are similar to those of some cattle and a horse
from the same sites, suggesting that some cereals
and livestock were imported to Uppåkra and its sur-
rounding settlements from more distant areas on
granitic bedrock, likely to the north of the site. This
builds on existing knowledge of Uppåkra as a center
with extensive trade relations, by showing that crops
and livestock were also an integral part of its social
networks. This study has therefore contributed to
widening our understanding of social interactions
within Scandinavian Iron Age society in terms of the
movement of agricultural products. What occasions
or traditions were involved in this movement between
farming communities is difficult to say, but it is poss-
ible that livestock and grain were brought to large
communal feasting events as voluntary contributions
to leaders, or played a role in trade and exchange
relations.
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